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Abstract 
The synovial fluid is found in joints of vertebrates and contains a high molecular weight polysaccharide (hyaluronan) acting as a 
modifier to ensure proper lubrication. Both, its concentration and molecular weight are subject to pathological alterations in 
certain diseases. Laboratory analysis of physical properties is difficult because of the limited amount of sample volume (usually 
below 100 μl). We present a sensor platform which requires volumes below 10 μl to measure the viscoelastic properties in the 
kilohertz range and the electrochemical impedance spectrum (EIS) from 10² to 106 Hz. Two electrodynamic acoustic shear wave 
transducers are used to measure both the single-sided viscoelastic shear impedance and the transmission of shear waves. The 
same elements are used as electrodes for measuring the EIS with a precision impedance analyser. The device is supposed to be 
used for clinical diagnosis and therapy tracking. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of EUROSENSORS 2015. 
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1. Introduction 
Joints of vertebrates are encapsulated in a lubricant, the synovial fluid, consisting of a blood dialysate enriched by 
hyaluronan (HA), a glycosaminoglycan produced in the surrounding tissue. In case of an experienced trauma or 
diseases like osteoarthtitis and rheumatoid arthritis, the composition of the synovial fluid is altered, e.g. by lower 
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molecular weight of the HA, lower concentration, or a contamination with red blood cells. Up to now, small 
amounts of synovia are extracted and analysed by microscopic inspection or using costly and time-consuming 
biomarker-based methods. Simple filament breakup tests are performed for viscosity estimation but these do not 
provide quantitative measures. Classical methods for measuring the viscoelastic properties require more sample 
volume than can be punctured from a single joint and moreover, the fluid is not stable when exposed to air [1]. Our 
novel diagnostic approach consists of (1) a fluidic two-phase system where an immiscible carrier fluid ensures 
encapsulation to air (2) two electrodynamic plate resonators to measure the viscoelastic storage and loss moduli [2] 
(3) the same two metallic plates used as electrodes for electrical impedance spectroscopy (EIS). The required sample 
volume is below 10 μl, a quantity that is readily available from joint puncture. The combination of shear-wave 
viscometry and electrical impedance spectroscopy is unique and opens up a variety of novel diagnostic measures. 
2. System setup 
Fig. 1 shows a photograph of the assembled system. The sensor plates are manufactures using lithography and 
wet etching of 100 μm thick Nickel-brass sheets. Below is a NdFeB permanent  magnet to provide the magnet field 
for the electrodynamic actuation of in-plane oscillations. A sample of 10 μl volume is filled in the 200 μm gap 
between the plates. For synovial fluid analysis, the surrounding is sealed with a low-viscous silicone oil to avoid a 
direct interface to the surrounding air. 
 
 
Fig. 1. Photograph of the assembled sensor system for synovial fluid analysis featuring encapsulation by an immiscible carrier fluid. The plates, 8 
and 10 mm in diameter, separated by a 200 μm spacer, act as electrodes for EIS and as in-plane electromechanical transducers for measuring the 
viscoelastic properties. A NdFeB permanent magnet below the plates provides the magnetic flux for the electrodynamic actuation and readout. 
3. Modeling 
1. Electrochemical impedance 
The electrical impedance is measured using an Agilent 4294A precision impedance analyzer in four-wire 
configuration. The electrodes are in direct contact with the fluid sample. Due to the electrolytic behavior, a 
significant double-layer capacitance is expected. The measured impedance is evaluated in terms of a frequency-
dependent parallel circuit of a capacitance and an ohmic resistance. 
2. Viscoelasticity 
Shear-waves are acoustic bulk waves which are highly damped in Newtonian fluids, but can propagate well in 
elastic and viscoelastic materials. In our setup, two electrodynamically excited in-plane resonators are aligned in 
parallel with a small gap of 200 μm filled with the fluid sample. Several modes of operation are possible: In the case 
of low-viscous liquids, the penetration depth of the shear wave into the liquid is below the gap distance – the 
resonators are damped by the evanescent shear-wave and operate independently (decoupled). If the material is more 
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viscous or viscoelastic, the shear-wave excited by one resonators reaches the other transducer which is used as a 
pick-up for the shear-wave, where the motion-induced voltage is a measure for the velocity of the plate. The 
transducers are conveniently modeled by electrical equivalent circuit elements. The model suitable for the described 
cases is that of two-resonators coupled by a transmission line as shown in Fig. 2. 
 
Fig. 2. Equivalent circuit of the electrodynamic transducers coupled by shear waves through the measurement medium characterized by the 
comple[YLVFRHODVWLFPRGXOXV*DQGPDVVGHQVLW\ȡ2QHDFKVLGHERWKYROWDJHDQGFXUUHQWDUHPHDVXUHGWRGHULYHWKHIXOOVHWRIVFattering 
parameters. 
Each of the two resonators is modeled as a second-order harmonic oscillator in terms of the central plate 
velocities v1 and v2: 
ݒଵ ቂ݆ ቀ߱݉ଵ െ
௞భ
ఠ
ቁ + ݀ଵቃ = ݅ଵܤଵ݈ଵ + ܨ௙௟ଵ  (1) 
ݒଶ ቂ݆ ቀ߱݉ଶ െ
௞మ
ఠ
ቁ+ ݀ଶቃ = ݅ଶܤଶ݈ଶ + ܨ௙௟ଶ  (2) 
where m, k, and d are the effective coefficients of mass, stiffness, and damping, the current i flowing in the plate 
times magnetic flux density B, and effective coefficient of length yields the excitation force. The fluid force Ffl is 
derived from the assumption of a plane shear wave in the gap which is modeled by the wave equation: 
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where z is the direction perpendicular to the resonator plates, ȡ is the fluid's mass density, and G the complex-
valued viscoelastic shear modulus. The general solution in terms of waves propagating in positive and negative z-
direction is 
ݒ(ݖ) = ݒ஺݁ି௝௭௞ + ݒ஻݁௝௭௞  (4) 
with the wave number from Eq. 3, k2 = ȡȦ2/G. The coefficients vA and vB are solved by inserting the boundary 
conditions v(z = 0) = v1 and v(z = h) = v2, where h is the gap spacing. The fluid forces are then calculated on each 
side: 
ܨ௙௟ଵ = ܣଵඥܩߩ(ݒ஺ + ݒ஻)  (5) 
ܨ௙௟ଶ = ܣଶඥܩߩ(ݒ஺݁ି௝௛௞ + ݒ஻݁௝௛௞)  (6) 
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where A1 and A2 are the plate surfaces assuming full contact with the sample. The whole system can be described 
in the electrical domain as shown in Fig. 2 by inserting the motion-induced voltage 
ݑଵ,ଶ = ݒଵ,ଶܤଵ,ଶ݈ଵ,ଶ.   (7) 
4. Results 
Fig. 3 (a) shows the electrical impedance measurement of deionized water, a 10 mg/ml purified sodium 
hyaluronate (Hyonate, Bayer), and a canine synovia sample. Fig. 3 (b) shows the resonance spectra of the bottom 
and top resonators - at higher viscoelastic moduli the mechanical coupling by shear-waves would be visible in a 
transmissive measurement which was negligible for the cases shown here. A low viscous silicone fluid was used as 
the encapsulation liquid. Increased damping corresponds to higher viscosities. 
 
 (a) (b) 
Fig. 3. (a) The electrical impedance spectra of the listed samples are shown, clearly visible in the capacitive part is the electrical double layer 
behavior at low frequencies. The conductivity shows a significant frequency dependence for the samples containing hyaluronan. (b) The 
frequency responses of the bottom (b) and top (t) electromechanical resonators are shown, both the frequency shift and damping are evaluated to 
derive the viscoelastic moduli in the respective frequency range. 
In an ongoing veterinary preclinical study, the ability to detect pathological alterations in the synovia is 
investigated. 
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